Nonuniform contraction of the oceanic lithosphere as it cools and thickens following Its formation at the axis of a spreading center results in a complex three-dimensional state of deviatoric stress which can be separated into two parts: a thermal bending stress due to changes in the vertical temperature distribution and a thermal contraction stress due to lateral variations in the vertically averaged temperature. We examine thermal contraction stresses due to temperature changes in a thin, semi-infinite rectangular plate bounded by the spreading center axis. Two stress-free boundaries, representing transforms or fracture zones, define the plate width or ridge segment length L. With the bottom of the elastic plate defined by a prescribed temperature, the plate thickens as the square root of age, as expected for a thermal boundary layer due to vertical conductive cooling. Above this prescribed temperature, elastic stresses are assumed to relax quickly. Stresses are obtained by properly accounting for the rate of accumulation of the vertically averaged stress as initially stress-free material is added to bottom of the cooling, thickening plate. The state of thermal contraction stress calculated from this model is characterized by large tensile stresses at the boundaries of the plate and relatively low stresses in the plate interior. At the ridge axis, ridge-parallel tensile stresses are about 300 MPa, the same as if the plate were not allowed to contract in this direction. Along the transform boundary, the maximum transformparallel tensile stress occurs at a distance L/2 from the ridge-transform intersection, where its magnitude is comparable to the stress at the ridge axis. The tangential stresses at the plate boundary decrease rapidly with distance from the boundary; at a distance of L/4 from the ridge axis the ridge axis parallel stresses are one tenth of their ridge axis magnitude. The stress magnitudes are independent of both spreading rate and ridge segment length. A large transform-parallel tensile stress may control the length of transform offsets. Thermal bending moments are influenced by the large thermal contraction stresses near the ridge axis. However, a short distance from the ridge these moments attain their free horizontal contraction values which previous studies have shown to cause observable bending of the plate and a geoid anomaly at fracture zones. Flexure due to thermal bending moments will concentrate bending stresses at a distance from the fracture zone determined by the flexural length of the plate, thus providing a natural length scale controlling the spacing oftransforms.
INTRODUCTION
Contraction of cooling oceanic lithosphere has important implications for our understanding of the seafloor spreading process and the tectonic evolution of oceanic lithosphere. While vertical thermal contraction is expressed in the subsidence of seafloor with age, horizontal thermal contraction can produce large stresses. Thermal stresses that are as large as theoretical models predict will contribute significantly to the state of intraplate stress in the oceanic lithosphere. The existence of large thermal stresses is indicated both by studies of intraplate seismicity [Bergman and Solomon, 1984; Wiens and Stein, 1984; Bratt et al., 1985] and by geoid anomalies at fracture zones [Parmentier and Haxby, 1986] . These stresses may have a variety of important consequences. For example, thermal stresses may strongly influence the degree to which intraplate stresses reflect plate driving forces [Sykes and Sbar, 1974; Richardson et al., 1979; Wiens and Stein, 1983] . The contribution of thermal stress to geoid anomalies at fracture zones may affect measurements of the change in geoid height across fracture zones and the geoid height-age relationship and mantle thermal structure that have been inferred in this way [Crough, 1979; Detrick, 1981; Sandwell and Schubert, Copyright 1988 by the American Geophysical Union.
Paper number 786053. 0148-0227/88/0078-6053$05.00 1982; Cazanave et al., 1983] . A good understanding of the form of the geoid anomaly is also needed for properly identifying fracture zones and for plate motion reconstructions based on fracture zone traces identified from geoid anomalies [Haxby et al., 1985] . Lister [1986] has suggested that thermal stresses may be an important factor in magmatic and hydrothermal processes. More generally, thermal stresses may play an important role in intraplate tectonics. For example, Turcotte and Oxburgh [1973] have suggested that thermal stress may explain the formation of island and seamount chains. At plate boundaries, thermal stresses may in some way be responsible for the formation of transform faults and fracture zones (FZs) along mid-ocean ridges [Collette, 1974; Turcotte, 1974; Sandwell, 1986] .
Thermal stresses can be conveniently separated into two parts, the first due to changes in the temperature variation with depth and the second due to changes in the vertically averaged temperature. We will refer to these two contributions as thermal bending stresses and thermal contraction stresses, respectively. In a recent study [Parmentier and Haxby, 1986] we examined thermal bending stresses in thickening, cooling oceanic lithosphere. Flexure of the oceanic lithosphere at fracture zones should occur in response to these bending stresses, and the resulting seafloor topography should produce visible geoid anomalies. We showed that bending of the lithosphere by thermal stresses can explain important characteristics of Simple example showing thermal stresses in an elastic plate due to nonuniform cooling. The stresses can be separated into two additive parts. The thermal contraction stresses represent the thickness-averaged stress in the plate. The thermal bending stresses, representing the stress variation over the thickness of the plate, introduce a moment M r that will tend to bend the plate. If the plate were not horizontally constrained and so free to contract, the thermal contraction stress would vanish, but the thermal bending stresses, representing only the differential contraction between the top and bottom of the plate, would remain unchanged. the observed geoid anomaly at FZs. A geoid high that occurs persistently on the old side of FZs, discussed later, can be explained by flexure due to thermal bending stresses. This geoid anomaly may provide direct evidence for the magnitude and depth distribution of thermal stresses in the oceanic lithosphere.
The simple example shown in Figure 1 illustrates the distinction between thermal contraction and thermal bending stresses. Consider an initially unstressed elastic plate that is constrained at its ends so that it cannot contract horizontally. If the plate is cooled nonuniformly over its thickness, a horizontal thermal stress will develop that is proportional to the amount of cooling at a given depth. In general, the total horizontal thermal stress can be separated into two parts, the thermal contraction stresses and the thermal bending stresses. The thermal contraction stresses are simply the depthaveraged stresses in the plate and, by definition, are uniform with depth. The variation of stress with depth is reflected in the thermal bending stresses which exert a moment M r about the center plane of the plate. If the plate were not constrained and thus free to contract horizontally, the thermal contraction stresses would vanish. The remaining thermal bending stresses due to differential cooling with depth would bend the plate. In a perfectly elastic material the total state of stress can be simply represented as the additive superposition of the thermal contraction and thermal bending stresses. In this case the thermal contraction stresses would not affect the thermal bending moment. Thermal stresses in the oceanic lithosphere must differ from this simple example in two important respects. First, assuming that elastic stress relaxes rapidly above a prescribed temperature that defines the bottom of a brittle-elastic plate, thermal stress accumulates progressively as the plate cools and thickens by the addition of unstressed material at its base. Second, the accumulating thermal stresses beecome large enough that the plate fails by faulting. Thermal stress distributions for the limiting cases of free horizontal contraction and no horizontal contraction are shown in Figure 2 , taken from Parmentier and Haxby [1986] . The maximum stresses are limited by brittle failure of the plate along the dashed failure envelopes shown. The distinctly different distribution of stresses in the two cases results in a large difference in the thermal bending moments [see Parrnentier and Haxby, 1986, Figure 2 ]. In the free contraction case the vertically averaged thermal stress, or thermal contraction stress, vanishes. In the no-horizontal contraction case, as considered by Turcotte [1974] , the thermal contraction stress does not vanish, and the corresponding thermal bending moment is much smaller than in the free contraction case. For a plate in which thermal stresses accumulate progressively as the plate thickens and which undergoes brittle failure, the magnitude of the thermal bending moment is strongly affected by the thermal contraction stresses.
In this study we examine thermal contraction stresses in the oceanic lithosphere by considering the problem of an elastic plate that thickens with age or distance from an accreting plate boundary. In addition to assessing the effect of thermal contraction stresses on the thermal bending moment, it is important to consider these stresses to understand the complete state of thermal stress in the oceanic lithosphere and its possible implications for intraplate seismicity, structures observed on the seafloor, and the mechanism(s) responsible for the for- The solution to equation (6) may be evaluated analytically in two limiting cases. In the region near the ridge axis, x << 1/2, lYl < 1/2, where the nondimensional coordinate system is defined such that the transform boundaries are at y --q-1/2, the boundary conditions demand that the y derivatives of f vanish. In this region, equation (6) 
indicating that ridge-axis-parallel stresses decay much more rapidly with distance from the ridge than ridge-perpendicular stresses.
Equation (6) is solved using finite difference methods. Partial derivatives appearing in this equation are approximated by central finite difference derivatives leading to a system of algebraic equations consisting of one equation for each grid point. The solution of this system which satisfies the boundary conditions given above is obtained by a simple successive overrelaxation procedure. The accuracy of the finite difference solutions is determined by the spacing of grid points. We have employed uniformly spaced grid points with 89 grid points along the ridge axis between y = 0 and 1/2 and 180 grid points in the spreading direction. At large values of x we used the analytic solution valid for x >> 1/2, discussed above, as a boundary condition. Except for a small region near the corner of the plate representing the ridge-transform intersection, solutions for the stresses should be accurate to within a few percent. Near the corner the vanishing thickening of the plate near the ridge axis results in a discontinuity in the ridge-axisparallel stresses that is smeared out over several grid points. The following results are calculated for v --0.25.
RESULTS
The stress components o'• resulting from the finite difference solution of equation (6) are shown in Figure 4 . The magnitude of the three tensor components referred to the x and y directions and normalized by the characteristic stress o', given above, are shown in each figure. One important and immediate conclusion is that the magnitudes of the stress components shown in Figure 4 do not depend on the spreading rate or the ridge segment length. Furthermore, the variation of stresses with distance from the ridge scales directly with the ridge segment length but is independent of the spreading rate. This conclusion follows directly from the nondimensionalization described above. If the ridge-axis-parallel stress increased with the plate width, or the ridge segment length, it could be argued that a plate wider than some critical length would fail, forming a new fracture zone. However, since the stress is independent of the plate width, it is difficult to understand how the .`..; ........................ "• •' ................................ -. stresses perpendicular to the ridge axis. Relatively large transform-parallel tensional stresses occur along the sides of the plate. The transform-parallel tensional stresses that our model predict attain a maximum value of about 1.25a. This stress is greater than the ridge-axis-parallel stresses at the ridge axis and persists to a distance from the ridge of several ridge segment lengths. The maximum tensile stress occurs at a distance of about L/2 from the ridge. It is interesting to speculate that these stresses may help to control the length of transforms and that the high stress region may be a preferred site for ridge jumps or propagation.
Although the prediction of tensile ridge-axis-parallel stresses in our model is similar to that of Sandwell [1986] , the results differ in several important respects. In our results, because the ridge-axis-parallel stress remains finite and the plate thickness vanishes, the ridge-axis-parallel force Nyy vanishes near the ridge axis. Sandwell [1986] imposed a vanishing ridge-axisparallel force at the ridge axis, but his solution results in a finite shear force on the ridge axis contrary to the stated boundary condition of vanishing shear force there. His results also show transform-parallel compression along the transform edge of the plate in contrast to the tensional stresses in our model. Figure 6 , and examples of the depth distribution of stresses that generate these moments are shown in Figure 7 . As in our earlier study, these stress distributions result from the progressive accumulation of stress in a thickening plate that is not allowed to bend. The moments calculated from these stress distributions can then be viewed as loading which will bend the plate and accordingly modify the stress distributions. In the absence of bending, the maximum thermal stress exceeds the thermal contraction or vertically averaged stress. The maximum thermal bending stress is always comparable to or greater than the characteristic stress a, even in regions of the plate where thermal contraction stresses are near zero. The moment of the ridgeparallel stresses will produce bending about an axis perpendicular to the ridge. Near the FZ and throughout the plate interior at distances greater L/2 from the ridge axis, the bending moment due to ridge-parallel stresses is essentially identical to the bending moment for free horizontal contraction. However, in the plate interior near the ridge axis the bending moment is less than the free contraction stresses would predict. This indicates that the results of our previous study, which assumed free contraction throughout the plate, would stresses, particularly the large ridge-axis-parallel tensile stress that occurs near the ridge axis. This has also been pointed out by Sandwell [1986] . Since the stresses within the plate away from the ridge axis reflect a combination of local cooling and stresses transmitted away from the region near the plate boundary, thermal contraction stresses will be reduced not only near the ridge axis but also throughout the plate. Thus the effect of thermal contraction stresses in reducing the thermal bending moment from its free contraction value will be less pronounced than indicated by the results in Figure 7 . Thermal stresses in the vicinity of the ridge axis will also depend on features of the thermal and mechanical structure of the ridge that we have not attempted to include in the present study. We have considered only the idealized thermal model in which the thermal boundary layer and plate thickness vanish at the ridge axis. However, several thermal models [Sleep, 1975 [Haxby and Turcotte, 1978] . An approximately 500-m-high swell would produce a geoid high of only 17 cm, in contrast to the 50-cm or more high that is observed. Our previous study [Parmentier and Haxby, 1986] parallel thermal contraction stresses that decrease rapidly with distance from the ridge axis. Thermal contraction stresses decrease to one tenth of their ridge axis values in a distance from the ridge axis of only about one fourth of the ridge segment length, corresponding to the plate width in our simple model. Thus our results show that large ridge-axis-parallel thermal contraction stresses are confined to the vicinity of the ridge axis. Thermal contraction parallel to the ridge axis also induces large transform-parallel tensile stresses along the free edges of the plate representing the transform fault. These stresses achieve a maximum value at a distance from the ridge axis of about one half of the plate width and persist to great distances from the ridge axis. We suggest that these transformparallel stresses may have important implications for ridge jumps or propagation and may control the length of transform faults.
Thermal bending moments that develop in the presence of thermal contraction stresses are shown in
Thermal contraction stresses influence the magnitude of the bending moment due to thermal bending stresses that accumulate in response to changes in the vertical temperature distribution in the thickening plate. Thermal bending moments in a plate that undergoes free horizontal contraction are large compared to those in a plate that does not contract r,,•,-;-.,•,.,•.,•), Where '• .... • ""'"*"""*: .... " thermal bending moments achieve values corresponding to a plate that undergoes free horizontal contraction. Strong reductions of the thermal bending moment from its free contraction value will thus occur only in the immediate vicinity of the ridge axis. Thermal bending moments with free horizontal contraction are large enough to bend the oceanic lithosphere and explain important, previously unrecognized features of the geoid anomaly observed along fracture zones. In a recent study of geoid anomalies along the Udintsev and Clarion fracture zones we have shown that this geoid anomaly consists of a geoid high on the old side of a fracture zone and a geoid low approximately centered on the fracture zone [Parmentier and Haxby, 1986] . These features can be clearly identified in the geoid anomaly across many other Pacific fracture zones and provide important information on the state of thermal stress in the oceanic lithosphere. Bathymetric profiles across the Udintsev and Mendocino fracture zones show seafloor topography that corresponds well to the predicted geoid anomaly due to thermal bending. The relative amplitudes of the topography and geoid anomaly show that this anomaly cannot be explained by crustal thickness variations or other mechanisms of isostatic compensation at shallow depths beneath the seafloor. The geoid anomaly and bathymetry are consistent with the uncompensated seafloor topography predicted by thermal bending.
Thermal contraction stresses have been suggested as a mechanism for the formation of fracture zones [Collette, 1974; Turcotte, 1974; Sandwell, 1986] . If the ridge-axis-parallel tensile thermal stresses increased with the ridge segment length, then one could argue that a ridge segment should not be longer than some critical length corresponding to the strength of the plate. However, in a simple rectangular plate, ridgeaxis-parallel thermal contraction stresses at the ridge axis are independent of the width of the plate, corresponding to the ridge segment length in this simplified model. We suggest instead that fracture zones may form in response to thermal bending stresses. Examples of small offset fracture zones adjacent to larger offset fracture zones have been identified, the clearest example being the Pioneer and Mendocino fracture zones. The Pioneer fracture zone occurs on the old side of the Mendocino fracture zone in the region where thermal bending adjacent to the Mendocino cannot relieve the thermal bending stresses. A small offset, less well-mapped fracture zone may occur adjacent to the Udintsev fracture zone. While it is far from clear that all fracture zones form by this or any other single mechanism, the flexural length of the plate provides a natural length scale that may govern the spacing of transforms created by thermal stresses.
